Introduction

3 4
Intercellular communication is vital for development of multi-cellular organisms 5 5 (Long et al., 2015) , for example to coordinate distant events or locally organize 5 6
tissues (Balkunde et al., 2017; Corbesier et al., 2007; Kurata et al., 2005 ; Nakajima et 5 7 al., 2001; Pi et al., 2015; Sessions et al., 2000; Tamaki et al., 2007; Yadav et al., 5 8
2011). Plant cell walls provide robust physical support to build elaborate tissues and 5 9
structures; however, cell walls also hamper cell migration, and it is therefore 6 0 important for plant cells to receive positional cues from their surroundings for proper 6 1 development (ten Hove et al., 2015) . To overcome the physical barrier that cell walls 2B). The M8/9 regions locate immediately C-terminal to the HLH domain, and this 2 5 4 region is also highly conserved within the TMO7 family, but different from bHLH138 2 5 5
and bHLH151 ( Fig 2B) . In addition, we also compared the bHLH domain of 2 5 6 GLABRA3 (bHLH1), a known mobile protein that regulates root hair formation 2 5 7 (Bernhardt et al., 2005) , with TMO7 and we only found limited similarity at the M5 2 5 8 or M8, 9 regions (data not shown), indicating that tissue-specific transport systems 2 5 9 may operate in the Arabidopsis root. These data suggest that M5 and M8/9 regions 2 6 0 may be specific elements responsible for mobility of TMO7 family proteins.
6 1
An intuitive hypothesis would be that the m5 and m8/9 mutations alter the 2 6 2 secondary or tertiary structure of the TMO7 protein and thus lead to movement 2 6 3 defects. We analysed the possible secondary structure with the SWISS-MODEL there is no predicted secondary structure at the M8/9 region, and because it directly 2 7 9
follows the HLH region in TMO7, we directly inserted the M8/9 region after the 2 8 0 bHLH domain of bHLH138 and 151 to generate bHLH138-M8/9 and bHLH151-2 8 1 M8/9 respectively. The combination of M5 and M8/9 was also constructed as 2 8 2 bHLH138-M5/8/9 and bHLH151-M5/8/9 (Fig. 4) . All the chimeric bHLH138 and 2 8 3 bHLH151 versions except bHLH151-M5-GFP slightly gained movement (Fig. 4B ).
8 4
However, compared to TMO7, movement of chimaeric bHLH138/151 was limited 2 8 5
( Fig. 4B) , perhaps due to strong nuclear localization of bHLH138 and 151 ( Daum et al., 2014; Gallagher et al., 2004; Kim et al., 2005; Rodriguez et al., entering as well as leaving the nucleus might be crucial for TMO7 transport.
0 1
In summary, the TMO7 family contains two major mobile cis-elements which 3 0 2 partially endow mobility of bHLH138/151 when transplanted. However, the mobility 3 0 3 strongly depends on subcellular localization; the strong NLS decreases the potential 3 0 4
of direct interaction between TMO7 and PD, while the result of the TMO7-GFP-NES 3 0 5
suggests that the import of TMO7 into nucleus is also critical for its movement. Phosphorylation may control TMO7 mobility 3 0 8
Given that specific motifs, as well as residence in the nucleus, seem important for 3 0 9
TMO7 movement, we hypothesized that TMO7 transport involves post-translational Tyrosine residues, phosphorylation was predicted to occur on 8 (Table S2) . Among 3 1 4
these, S39 and S42 are located within the M5 region (Fig. 3A) . We therefore 3 1 5
substituted each and both of the Serine residues by Alanines to create 3 1 6 pTMO7::TMO7-S39A-, S42A-and S39, 42A-GFP, respectively. The subcellular 3 1 7 localization of TMO7 was not altered by the mutations, indicating that protein import 3 1 8
into the nucleus is not impaired by the mutation (Fig. 6A , B and C). Interestingly 3 1 9
however, all mutants showed impaired mobility ( Fig. 6A-D ( Figure 7C , D). In addition, we consistently found hypophysis division defects in all 3 3 7
three mutant alleles (tmo7-4 = 12.4%, n= 331; tmo7-5 = 5.6%, n=302; tmo7-6 = 5%, 3 3 8 n=357; Col = 1.8%, n= 277; Fig 7E) . However, the rootless phenotype that was for tmo7-4 and tmo7-5, n>600 for tmo7-6). This suggests that the hypophysis defect 3 4 2 might later be repaired by a yet unknown mechanism in tmo7-4, -5, and -6 mutants.
4 3
One possibility is that the TMO7-like proteins act redundantly with TMO7; In this study, we systematically analysed the mobility of a specific small bHLH the serine residues (S39 and S42) in TMO7 were also predicted to be phosphorylated.
1 4
Replacing the residues by Alanine hampers the intercellular movement, which 4 1 5
suggests that phosphorylation might be a mark for intercellular transport (Fig 6) .
1 6
However, we cannot rule out the possibility that these mutations act independently of 4 1 7
phosphorylation by e.g. distorting the protein structure or preventing the interaction 4 1 8
with an unknown factor which might be critical for transport, but not for nuclear 4 1 9
import. Further analysis of the post-translational modification status of mobile 4 2 0
proteins will likely provide more insight to intercellular communication mechanisms.
2 1
We previously showed that TMO7 is only transported into the hypophysis, but 4 2 2 not into the upper tier of the pro-embryo (Schlereth et al., 2010) . Consistent with this 4 2 3 . CC-BY-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/122960 doi: bioRxiv preprint first posted online Mar. 31, 2017;  directional transport property in the embryo, we found that TMO7 family proteins can 4 2 4
move from the root meristematic region into the root cap, but not in the opposite 4 2 5 direction (Fig 2D, F) . In addition, in our pTMO7::TMO7-3GFP line, we observed 4 2 6 obvious aggregations in the seedling root which is lacking in pTMO7::TMO7-GFP 4 2 7
and other TMO7Ls-GFP fusion lines (Fig 1 and 2) . The aggregations seem to be 4 2 8
highly enriched in the meristematic cells closest to the neighbouring QC (Fig .1D ). It 4 2 9
is possible that these clusters of proteins are TMO7 with intercellular transport 4 3 0 markers but over the limit size for passing through PD. Interestingly, the stem cell 
3 6
The cell walls between the pro-embryo and suspensor and between the upper 4 3 7
and lower tiers in the embryo are generated by the very first and second cell divisions 
7
In tmo7-4, -5, and -6, we observed a clear hypophysis phenotype, which is which TMO7 family genes were misregulated (Fig 7F) . It has been shown that the 
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Expression levels were normalized to ACTIN2 (AT3G18780). The oligo-nucleotide 5 4 2 sequences are listed in Table S1 . Fluorescence intensity analysis of pTMO7::TMO7S39A-, S42A-, and S39, 42A-GFP,
sample size is indicated in materials and methods. Significant differences by one-way 8 1 8
ANOVA test are indicated by letters above bars (p<0.05). Note that the expression 8 1 9
intensity of the TMO7 mutants is relatively lower compared to the pTMO7::TMO7-8 2 0
GFP line, however, the statistical analysis still indicates the reduction of mobility in 8 2 1
all the mutants. Note that the images were modified for visualization. Significant 8 2 2
differences by one-way ANOVA test are indicated by letters above bars (p<0.05).
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Scale bar = 25μm. 
